Introduction {#S0001}
============

Liver is the largest solid organ of the human body and bears some important functions. The occurrence of malignant liver tumors will lead to life-threatening consequences. Liver cancer is the third most fatal cancer in the world, which is usually treated by surgery.[@CIT0001] Since most patients are diagnosed at advanced stages, effective non-surgical treatment, such as systemic chemotherapy, is urgently needed.[@CIT0002] At present, the most active single drugs for liver cancer include adriamycin, sorafenib, 5-fluorouracil and cisplatin. However, with a response rate of only 10%, they have no significant effect on the overall survival rate. This may be due to the toxicity and poor response resulted from chemoresistance.[@CIT0003] Some plant extracts have shown significant inhibitory effects on cancer cells without serious adverse reactions. Among them, curcumin (CUR) has exhibited a variety of anti-cancer mechanisms in many basic studies, including inhibiting the initiation, progression, invasion and metastasis of cancer cells. It has been proved in the literature that CUR acts on protein kinases MAPK, Akt and Bcl-2; transcription factors NF-κB, AP-1 and STAT-3 and enzymes such as COX-2, matrix metalloproteinases (MMPs) and LOX.[@CIT0004]--[@CIT0014] Although CUR has many pharmacological activities, its clinical application is still limited by many factors such as poor water solubility (≈0.125 mg/L), low bioavailability, fast metabolism and systemic clearance. The best pharmacological action requires an oral dose of more than 8.0g/day.[@CIT0015] Improving CUR bioavailability is a major challenge.

In recent years, in order to overcome poor absorption and other limitations of CUR, researchers have adopted new pharmaceutical methods such as liposomes, solid dispersions, complexes, emulsions, micelles, nanogels and microspheres.[@CIT0016]--[@CIT0022] But these strategies also have some shortcomings, such as limited benefits and tedious preparation process. In this study, we aim to build a liver target system containing CUR in the form of nanoparticles (NPs), which could improve the stability of drugs by dispersing them into carrier material and reducing their contact with the outer environment.[@CIT0023] At the same time, by adjusting the particle size, surface charge and encapsulation materials, CUR-loaded NPs can perform liver targeting function.[@CIT0024] Therefore, targeted drug delivery based on NPs is used to accumulate drugs in tumors so as to improve the permeability, retention rate and pharmacokinetic characteristics of drugs and to reduce side effects.

Nanocarrier-based chemotherapeutic agent system has been considered as a new and promising strategy for cancer treatment. As we all know, PLGA (polylactic-co-glycolic acid) has been approved by the FDA (Food and Drug Administration) as a drug material for drug delivery systems and has been widely used.[@CIT0025] It is a macromolecule material with good biocompatibility and no immunogenicity and can be biodegraded into non-toxic natural products. D-a-Tocopheryl polyethylene glycol 1000 succinate (TPGS), an excellent emulsifier for preparing NPs, can improve drug permeability and reduce P-glycoprotein (P-gp)-mediated multiple drug resistance (MDR) in cancer cells.[@CIT0026],[@CIT0027]

Song et al prepared a solid dispersion formulation of CUR with TPGS and mannitol to improve the solubility, dissolution rate, oral bioavailability and cell permeability of CUR.[@CIT0028] Since the system was administered orally, it has not been confirmed whether it has liver targeting functions. Additionally, because it has been applied only in intestinal cancer models, its effectiveness in liver cancer models is not clear yet.

This study aims to prepare a CUR-loaded (PLGA/TPGS) NPs delivery system by the emulsification-solvent evaporation method. NPs were characterized for physical properties, such as morphology and particle size, and in vitro drug release. In addition, cytotoxicity, uptake and in vivo status of NPs were also evaluated in HepG2 and HCA-F cells.

Materials And Methods {#S0002}
=====================

Materials {#S0002-S2001}
---------

CUR was a gift from Jiaye Biotechnology Co., Ltd. (Chengdu, China). PLGA-TPGS (MW 21--22 kD) was prepared in our own laboratory according to the references.[@CIT0029],[@CIT0030] HepG2 and HCa-F cell was purchased from Xiangshi Biotech Co., Ltd. (Shanghai, China). The other reagents were obtained from Chinese pharmaceutical chemical reagents (Shanghai, China). Polyvinyl alcohol, methanol and acetonitrile (chromatographic grade) were obtained from Sigma (Aldrich, USA). The deionized water used in the study was produced using Milli-Q gradient A10 system.

Preparation {#S0002-S2002}
-----------

CUR-loaded (PLGA/TPGS) NPs (CPTN) were formulated using the emulsification-solvent evaporation method.[@CIT0031] Simply, 30 mg of PLGA-TPGS was dissolved in chloroform. Free CUR was added to the PLGA-TPGS/chloroform solution and sonicated at 55 W for 1 min in a Branson Sonifier model W-350 to produce the primary emulsion. This emulsion was then added to a solution of 2% PVA and ethanol (1:1) and again sonicated at 55 W for 2 mins to form the final emulsion. Then, the emulsions were stirred for 24 hrs to volatilize the organic phase and centrifuged for 15 mins with a high-speed refrigerated centrifuge (20,000 r/min) to ensure that there were no free drug and carriers residues. Deionized distilled water was used to wash the obtained NPs three times. They were then freeze-dried and lyophilized for 24 hrs on an ATR FD 3.0 system. The NPs were stored at 4°C until further use. Drug-free empty PLGA/TPGS NPs (EPTN) were prepared by the same method. In addition, CUR-loaded PLGA NPs (CPN) were also prepared as described above, using PLGA instead of PLGA-TPGS. CUR/C6-loaded PLGA-TPGS NPs were prepared using the same method, and C6 was added to ethyl acetate quantitatively as a fluorescent label that also contained CUR and PLGA-TPGS.

Characterizations {#S0002-S2003}
-----------------

The laser diffraction method was used to determine the particle size of the newly prepared NPs. The particle size and zeta potential were measured using the Zeta analyzer. A specific amount of CPTN lyophilized powder was dissolved in 10 mL of methanol using a probe sonicator and then analyzed by the HPLC method.

Drug loading and encapsulation efficiency were determined by [Equations 1](#M0001) and [2](#M0002), respectively. $$\documentclass[12pt]{minimal}
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The surface morphology of the prepared CPTN was observed by TEM. Morphological examination was performed using TEM (Philips CM120, Netherlands).

Stability Study {#S0002-S2004}
---------------

Provisions of Chinese Pharmacopoeia were the main references for stability study. The NPs were placed in a stable chamber at room temperature and saturated with sodium chloride solution (relative humidity=75%±5%). At the end of 0, 1, 2, 3 and 6 months, the properties of the samples were evaluated to determine whether the particle size, zeta potential, encapsulation efficiency% and drug loading% had changed.

In Vitro Release {#S0002-S2005}
----------------

In this study, in vitro release of CUR NPs was assessed by the dialysis bag diffusion method. In brief, appropriate amounts of CPTN and CPN (≈10 mg CUR) were put dialysis bags (MWCO: 8000--10,000 Da) separately. The dialysis bags were then immersed in 50 mL of PBS (0.01 M; pH 7.4) containing Tween-80 (1%, w/v) and ethanol (20%, v/v) at 37°C in a QYC-200 shaker incubator at 100 rpm. One milliliter of the released medium was withdrawn after 0.125, 0.25, 0.5, 1, 2, 6, 8, 10, 12, 14, 16, 20 and 25 days and replaced with an equivalent volume of fresh release medium to maintain a constant volume. Released samples (CUR content) were determined by the HPLC method and carried out in triplicate.

In Vitro Cytotoxicity {#S0002-S2006}
---------------------

The cytotoxicity of blank NPs, free CUR, CPN and CPTN in HepG2 cells was determined by MTT assay. In short, cells (1×10^5^ cells/mL) were inoculated into 96-well plates in DMEM medium supplemented with 10% FBS and then treated with 100 μL of 0--35 μM of blank NPs, free CUR, CPN and CPTN for 48 hrs. Then, 25 μL of MTT solution (5 mg/mL) was added to each well and the plate was cultured at 37°C for 3 hrs. After incubation, DMSO was added and the absorbance was measured at 570 nm using a microplate reader. The inhibitory concentration (IC)~50~ values were calculated by the software GraphPad Prism 5.

Intracellular Uptake {#S0002-S2007}
--------------------

The intracellular uptake of free CUR, CPN and CPTN was visualized by confocal microscopy using coumarin-6 as a fluorescent probe. HepG2 cancer cells were grown in DMEM medium supplemented with 10% (v/v) FBS and 5% antibiotics. HepG2 cells were inoculated in a cell culture dish at 1×10^7^ cells per dish for initial density. Cells were then incubated with coumarin-6-adsorbed free CUR, CPN and CPTN (equivalent to 0.1 µg/mL of coumarin-6) for 2 hrs at 37°C±0.5°C.

Subsequently, PBS was used to wash the cells several times and fixed with 4% paraformaldehyde for 10 mins. Finally, the cells were observed under the confocal microscopy. For the quantitative estimation of CUR uptake, the density of cells inoculated on 24-well plates was 3×10^4^. When they reached a confluence of 70--80%, cells were cultured with coumarin-6-adsorbed free CUR, CPN and CPTN (equivalent to 0.1 µg/mL coumarin-6). After 2 hrs of culture, cells were washed several times with cold PBS. Subsequently, Triton X-100 (0.1%) was added to dissolve the cells. Fluorescence intensities were measured at 440 nm excitation wavelength and 520 nm emission wavelength with a multimode microplate reader.

Tissue Distribution Studies {#S0002-S2008}
---------------------------

Kunming strain mice were divided into three groups and administered with the same dose of free CUR, CPN and CPTN, respectively, via the tail vein (10 mg/kg). At predetermined time points (0.5, 1, 4, 8, 12, 24 and 36 hrs post i.v. dose administration), three animals from each group were anaesthetized and their blood was collected from the postorbital vein before the serum was separated by centrifugation. The hearts, livers, spleens, lungs and kidneys were rinsed with saline and dried with tissue paper. Serum and tissue samples were frozen at −20°C until analysis. After treatment, the mice were sacrificed, their main organs were weighed and the tissue sections were collected. The specimens were fixed with 4% paraformaldehyde and then paraffin embedded for hematoxylin and eosin (H-E) staining and histological examination. Animal experiments were approved by the ethics committee of the Beibei Traditional Chinese Medicinal Hospital and carried out in accordance with the guidelines provided by the National Institutes of Health.

In Vivo Anti-Tumor Study {#S0002-S2009}
------------------------

Six-week-old male mice weighing 20±1.8 g were inoculated intraperitoneally with HCa-F cells, and ascites were formed about 7 days later. The extracted ascites were washed twice with PBS and adjusted to the cell suspension at a cellular concentration of 2×10^7^ cells/mL. HCA-F cell suspension (0.01 mL/g) was subcutaneously implanted into the right axilla of mice. Treatments were started when the tumor in the nude mice reached a volume of \~15 mm^3^. This was designated as day 0.

On day 0, mice were randomly divided into four groups: saline, free CUR, CPN and CPTN (n=6). Samples at a dose of 10 mg/kg were injected intravenously via tail vein once per day for 7 days. The tumor size was measured once per for two days during the study. On day 20, all the mice were sacrificed followed by separation and weighing of the tumor block.

Tumor volume (V) was calculated according to the formula: (W^2^×L)/2, in which W was the widest point of tumor measurement, and L the longest point of tumor dimension. Relative tumor volume (R) was calculated by the formula V~i~/V~0~, where V~0~ was the tumor volume on day 0, and V~i~ the tumor volume at the point of measuring. The anti-tumor activity was estimated by relative tumor inhibitory rate (IR, %) which was calculated by the formula: \[1-\[R(treatment group)/R(negative control group)\]\] × 100%.

Statistical Analysis {#S0002-S2010}
--------------------

All values were presented as mean and standard deviation (mean ± SD), and the significance of differences was investigated using ANOVA or unpaired Student's *t*-test at p\<0.05.

Result And Discussion {#S0003}
=====================

Characterizations {#S0003-S2001}
-----------------

In this study, an improved emulsion evaporation method was used to prepare CPTN. Emulsifier was added to separate oil and water phases, thus preventing the aggregation of NPs. As an emulsifier, PVA has been widely used in the preparation of NPs. During the formation of NPs, hydrophobic fragments of PVA permeated into the organic phase and remained in the polymer matrix of NPs (PLGA/TGPS). Then, by steric hindrance, the hydrophilic fragments of PVA surrounding the system stabilized the NPs. As shown in [Table 1](#T0001){ref-type="table"} and [Figure 1](#F0001){ref-type="fig"}, the prepared NPs were spherical with a uniform size, as well as high drug loading and encapsulation efficiencies. The average particle size was found to be 110.6±2.3 nm. The encapsulation efficiency% and drug loading% of the preparation were 83.2±2.7% and 10.1±1.5%, respectively. Usually, higher absolute zeta potential results in stronger repulsion between NPs in the dispersion process, which leads to higher stability. In this study, the zeta potential of CPTN was −23.6 mV, which might be related to the formation of molecular polarization and charge adsorption in water. The NPs in this study may have higher zeta potential due to their similar ionic double-layer structure. The absolute zeta potential of CPTN was higher than that of CPN, indicating that CPTN was more stable than CPN in dispersion.Table 1Physical And Chemical Properties And Stability Data Of CPN And CPTN. Data Represents The Mean ± SD (n = 3)FormulationTimeParticle Size (nm)Zeta Potential (mV)Drug Loading%Encapsulation Efficiency%Polydispersity IndexCPN0 month327.9±14.5−14.8±1.66.3±1.171.6±3.4\< 0.21CPTN0 month110.6±2.3−23.6±2.710.1±1.583.2±2.7\< 0.061 month112.9±2.8−24.8±2.99.8±1.382.8±2.6\< 0.093 months113.8±2.6−24.7±3.29.3±1.582.6±2.9\< 0.076 months114.7±2.7−25.1±2.38.9±1.782.1±3.9\< 0.08 Figure 1The transmission electron microscope of CPTN (**A**) and CPN (**B**) (75,000×).

In Vitro Release {#S0003-S2002}
----------------

The release kinetics of CUR from the NPs were studied for 25 days and the results are shown in [Figure 2](#F0002){ref-type="fig"}. Free CUR exhibited a quicker drug release in PBS at a pH value of 7.4, and 99% of CUR was released in the first 12 hrs. In contrast, CUR release from NPs usually occurred in a biphasic manner, with an initial burst phase followed by a diffusion-controlled slower drug release phase. In this study, an initial burst phase corresponding to about 21% (CPTN) and 28% (CPN) was observed within 0.5 day due to the drug desorption and release from the NPs surface. A sustained CUR release to a total of about 56% (CPTN) and 73% (CPN) was found for different NPs over the entire period of study.Figure 2The release profile of free CUR, CPN and CPTN (n=6).

The drug release data obtained were fitted into release kinetic models, including zero order, first order, Higuchi, and Ritger--Peppas equations. The release of CUR from CPTN and CPN calculated in the Ritger--Peppas equations was better than that calculated in others (r=0.9912 and 0.9821 for Ritger--Peppas, respectively). In regard to the in vitro drug release, the rapid initial release was attributed more to the drug adsorbed or weakly bound to the surface area of the NPs, than to the drug incorporated inside NPs. According to the release kinetic models, the release mechanism of CUR from NPs involved diffusion and matrix erosion.[@CIT0032]

In Vitro Cytotoxicity {#S0003-S2003}
---------------------

The cytotoxicity results of blank NPs, free CUR, CPN and CPTN in HepG2 cells are shown in [Figure 3](#F0003){ref-type="fig"}. Untreated cells served as controls. We observed 90% cell viability in HepG2 with the treatment of blank NPs at 20 μM. These results suggested that blank NPs were nontoxic. By contrast, under the same incubation condition (concentration), the cellular cytotoxicity of CPN increased significantly, which might result from the increase of intracellular drug concentration through the transportation of NPs. In addition, at the same concentration, CPTN exhibited a stronger trend of cellular cytotoxicity. The IC~50~ of CPTN was found to be 16.3 μM while that of free CUR was 32.2 μM and CPN 25.4 μM in HepG2 cancer cell lines ([Table 2](#T0002){ref-type="table"}). This accounted for almost 35% reduction in the IC~50~ value of CPTN. The assay demonstrated that CPTN were more effective in arresting cell growth as compared to free CUR and CPN.Table 2IC~50~ Of CUR In HepG2 Cancer Cell Lines (n=3)FormulationIC~50~ Value (μM)Free CUR32.2±2.0CPN25.4±1.7CPTN16.3±1.1 Figure 3In vitro cytotoxicity analysis of free CUR, CPN and CPTN on HepG2 cancer cell lines. Cell viability assay was performed by MTT assay.

Intracellular Uptake {#S0003-S2004}
--------------------

The intracellular uptakes of free CUR, CPN and CPTN in HepG2 cells were observed by confocal microscopy. As shown in [Figure 4](#F0004){ref-type="fig"}, a strong green fluorescence was observed in the cytoplasmic region after incubation of CPTN for 2 hrs. Cell internalization in HepG2 cells was higher for CPTN than for others. The results showed that the surface modification enabled cells to internalize and more drugs to enter cells successfully. In quantitative cell uptake studies, coumarin-6 on the three formulations was quantified by recovering the drug NPs from cells and measuring their fluorescence (normalization to the total cell protein content per milligram). Mean fluorescence intensities for CPTN were approximately 2 folds higher than those for CPN (data not shown). The high cell uptake of CPTN might be due to the absorption-promoting effect of TPGS. TPGS-based nanocarriers showed enhanced circulation behavior and helped drugs target mitochondria. In addition, TPGS was shown to be the most effective inhibitor among P-gp inhibitory surfactants. Moreover, it could induce cell apoptosis and develop a synergistic effect with chemotherapy drugs.[@CIT0027],[@CIT0033],[@CIT0034]Figure 4Confocal images of cellular uptake of free CUR, CPN and CPTN on HepG2 cancer cell lines. Incubation time was 2 hrs.

Tissue Distribution Studies {#S0003-S2005}
---------------------------

The serum and tissue CUR concentrations versus time after intravenous administration of free CUR, CPN and CPTN were shown in [Figure 5](#F0005){ref-type="fig"}. After intravenous injection of free CUR, CPN and CPTN preparations, the distribution of CUR with time was estimated in the heart, liver, spleen, lung, kidney (μg/g) and blood (μg/mL). For CPTN, it did not dissolve rapidly, that was the drug NPs could circulate in the blood circulation as submicron particles for a certain time period. CUR concentration in mice livers (47 μg/g, 4 hrs) of the CPTN group was appreciably higher than in other tissues and plasma. CUR showed the highest value of AUC (805.75 μgh/mL) and target index (TI, 3.27 and 14.27) in liver, and the difference was statistically significant (p\<0.05). The TI of different formulations is shown in [Table 3](#T0003){ref-type="table"}. CUR concentration in livers was considered a vital factor in achieving an effective clinical treatment. The tissue tolerability was a major concern in NPs-based targeted system due to the accumulation of the drug and excipients in the targeted organs. The histopathology of the mice liver ([Figure 6](#F0006){ref-type="fig"}) did not show any degenerative changes in the CPTN formulation. This proved the safety and biocompatibility of the CPTN as a parenteral formulation for liver targeting. The results showed that CPTN could not only prolong the detention time in vivo, but also increase drug concentration in the liver. Therefore, in theory, it should be ideal for the treatment of liver tumors.Table 3AUC And TI Values Of CUR In The Plasma And Different Tissues Of Mice After Tail-Intravenous Administration (μgh/mL, N=6, Mean ± SD)FormulationHeartLiverSpleenLungKidneyPlasmaAUC~(CPTN)~156.75805.7518522777.25211.25AUC~(CPN)~114246.5137207.888.25176AUC~(free\ CUR)~10956.45179209.570.25148Ratio^a^1.383.27\*1.351.090.881.20Ratio^b^1.44\*14.27\*1.031.081.101.43\*[^1] Figure 5The serum and tissue CUR concentrations versus time after intravenous administration of free CUR, CPN and CPTN (n=6).Figure 6Histopathological studies of heart, liver, spleen, lung and kidney among four groups. (From top to bottom was control, free CUR, CPN and CPTN, respectively).

In Vivo Anti-Tumor Study {#S0003-S2006}
------------------------

To test the antitumor activity of CPTN, mice bearing HCa-F cells were administered with CUR in NPs ten times in 20 days. As shown in [Figure 7A](#F0007){ref-type="fig"}, compared with the control group, all NP groups resulted in growth inhibition of HCa-F cells transplanted solid tumor and obvious decrease in tumor size. However, compared with the saline group, the tumor volume of CPTN group decreased significantly, while that of CPN and free CUR group decreased not as much. Tumor parameters were consistent with the statistical analysis of tumor volume data, which showed that all treatments significantly inhibited tumor volume compared with the control group (P \< 0.05), and the CPTN group demonstrated the greatest effect ([Table 4](#T0004){ref-type="table"}). After treatment, the weights of mice in four groups showed no remarkable changes, whereas in the free CUR group, the mice weight reduced by 20%, likely due to CUR toxicity ([Figure 7B](#F0007){ref-type="fig"}). All the results indicated that CPTN had a better anti-tumor effect in vivo than CPN and free CUR. Pathological studies showed that there were no obvious pathological changes in the tissues of the treatment groups (data not shown). These data demonstrated that CPTN not only enhanced the antitumor effects but also reduced its toxicity in vivo, suggesting the potential of CPTN for clinical application. Taken together, the present in vivo results clearly demonstrated the potential of CPTN as a novel antitumor therapy. The advantages of CPTN over free CUR in terms of the EPR effect, intracellular uptake, improved tissue distribution behavior and tumor treatment had significantly strengthened its anticancer effect against liver tumors. Further investigations should focus on its in vivo antitumor mechanisms, and its reversing effect of MDR should be verified in tumor models.Table 4Effect Of Free CUR, CPN And CPTN On The Mice Bearing HCa-F CellsFormulationTV (mm^3^)RIR (%)*d*1*d2*0Saline group15.3±2.6122.6±11.98.01Free CUR14.9±1.882.3±10.85.5231.1%CPN15.2±2.153.4±7.33.51^a^56.2%^a^CPTN14.8±2.418.5±2.11.25^abc^84.4%^abc^[^2] Figure 7Changes of tumor volume (**A**) and body weight (**B**) in nude mice transplanted with HCa-F cell line during 20 days (n=6).

Conclusion {#S0004}
==========

This study aimed to prepare a CUR-loaded (PLGA/TPGS) NPs delivery system by the emulsification-solvent evaporation method. NPs were characterized for physical properties, such as morphology and particle size, and in vitro drug release. CUR-loaded (PLGA/TPGS) NPs could be successfully internalized by HepG2 cells and played a synergistic role in inhibiting the growth of hepatocellular carcinoma cells. They exhibited higher target organ accumulation, superior antitumor efficiency, and lower toxicity in vivo. The present study found that the CUR-loaded (PLGA/TPGS) NPs provided a promising platform for the treatment of liver cancer.
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==========

The authors report no conflicts of interest in this work.

[^1]: **Notes:** ^a^AUC~(CPTN)~/AUC~(CPN)~; ^b^AUC~(CPTN)~/AUC~(free\ CUR)~; \*P\<0.05: AUC~(CPTN)~ vs AUC~(CPN)~ or AUC~(free\ CUR).~

[^2]: **Notes:** ^a^p\<0.05: vs Saline group; ^b^p\<0.05: vs Free CUR group; ^c^p\<0.05: vs CPN group.
